Abstract: Poly(styrene-block-methyl methacrylate)s were fully analyzed by liquid chromatography at the critical point of adsorption (LC-CC) and two-dimensional chromatography. Operating at chromatographic conditions corresponding to the critical points of the homopolymers polystyrene and poly(methyl methacrylate), the block lengths distributions for the different blocks of the block copolymers were determined quantitatively. Information on the amounts and molar mass distributions of homopolymers and coupling products that were identified in the samples as by-products was obtained by on-line coupled 2D chromatography. It was shown that a complete picture of the molecular heterogeneity of block copolymers can be obtained only when information from different chromatographic experiments is combined. Size exclusion chromatography alone is inappropriate for evaluating the molecular heterogeneity of such samples.
Introduction
Block copolymers are complex macromolecular systems that are characterized by distributions in molar mass (MMD) and chemical composition (CCD). Average molar masses and chemical compositions of block copolymers can be determined by a variety of different techniques. Chromatographic separation, however, is required in most cases for the determination of distribution functions. Size exclusion chromatography (SEC) is the standard technique for MMD analysis, while CCD can be determined by means of interaction chromatography [1] . It has been shown by us and others that the molar masses of individual blocks in diblock and triblock copolymers can be measured by liquid chromatography at the critical point of adsorption (LC-CC) [2] [3] [4] [5] [6] [7] . Operating at critical conditions of one block of the copolymer, this block does not contribute to retention and behaves "chromatographically invisible" [8] [9] [10] . At the same time the other block elutes in the SEC mode and can be quantified accordingly.
To evaluate the two-dimensional parameter field of the composition and the molar mass distribution of such block copolymers, a combination of different chromatographic techniques can be used. Using these techniques and combining them with each other or with a selective detector, two-dimensional information on CCD and MMD can be obtained [1, 11, 12] . A fully automated two-dimensional chromatographic system was developed by Kilz et al. several years ago [13] [14] [15] . It consists of two chromatographs, one of which separates by chemical composition or functionality, while the other, a SEC instrument, separates subsequently by size. Via a storage loop system, fractions from the first separation step are automatically transferred into the second separation system.
During the last few years, a number of applications of automated 2D chromatography has been described, including the analyses of poly(alkylene oxide)s, polyesters and epoxy resins [16] [17] [18] [19] [20] . The analysis of the grafting product of butyl acrylate onto poly(styrene-block-butadiene) by 2D chromatography was described by Adrian et al. [21] . The characterization of products resulting from the grafting of methyl methacrylate onto EPDM has been carried out by Augenstein and Stickler [22] in the offline mode and by Siewing et al. using fully automated 2D chromatography [23] .
The present paper describes the full analysis of polystyrene-poly(methyl methacrylate) diblock copolymers by on-line coupled 2D chromatography. In the first dimension, LC-CC is used to separate with regard to chemical composition. In the second dimension, SEC provides information on molar mass distribution.
Results and discussion
Block copolymers are generally prepared by different techniques of living polymerization. Initially, anionic polymerization was the only technique to prepare well defined narrow disperse block copolymers. Meanwhile, other methods have been developed, including atom-transfer radical polymerization (ATRP) and reversible addition-fragmentation chain transfer polymerization (RAFT). It is generally accepted and demonstrated by SEC measurements that all these techniques yield block copolymers with narrow molar mass distributions. Less has been done to present evidence that the block copolymers are also uniform with regard to chemical composition.
In general it must be assumed that depending on the preparation procedure, in addition to the block copolymers, homopolymers and coupling products are formed due to different chain termination and chain transfer reactions. As has been shown previously [5, 6] , LC-CC can be used to separate block copolymers with regard to chemical composition. As a result, homopolymers are fractionated from the block copolymers and can be determined quantitatively. For the polystyrene-poly(methyl methacrylate) block copolymers (PS-b-PMMA) under investigation, such separations must be conducted under chromatographic conditions corresponding to the critical points of PS and PMMA.
In previous studies it has been shown that the critical point of PMMA can be obtained on a silica stationary phase with a mobile phase of methyl ethyl ketone-cyclohexane [5] . The critical point of PS corresponds to a chromatographic system comprising C 18 -modified silica as the stationary phase and tetrahydrofuran-acetonitrile as the mobile phase [6] . These experimental conditions are used to separate the PS-b-PMMA samples according to chemical composition.
As a first representative example, block copolymer 1 with a total molar mass of roughly 180 000 g/mol and an average chemical composition of PS:PMMA of 30:70 wt.-% prepared by anionic polymerization is analyzed. The chromatograms of this sample taken in the SEC mode, at critical conditions for PS and critical conditions for PMMA, are presented in Fig. 1 . As can be expected, SEC gives a uniform elution profile and narrow polydispersity. The chromatogram does not indicate any higher or lower molar mass by-products or chemically different species, see Fig. 1A . Keeping in mind that under these conditions the elution behaviour of the sample is solely directed by the PMMA block irrespective of the PS block, the elution profile represents the length distribution of this block. As has been shown previously, from such type of separation the block length of the PMMA block in the PS-b-PMMA block copolymer can be determined quantitatively by calibrating the system with PMMA calibration standards. The calculated molar mass values for the PMMA block are M w = 113 000 g/mol, M n = 97 000 g/mol, and M w /M n = 1.16. These data are in agreement with the expected values and the narrow polydispersity that can be assumed for an anionically polymerized sample.
More detailed information on the chemical composition of the block copolymer with regard to the PS block can be obtained by running a similar chromatographic experiment at the critical point for PMMA. Under these conditions the block copolymer is separated with regard to the PS block irrespective of the PMMA block. The chromatogram of this type of separation in Fig. 1C is rather uniform but with a slight tailing which might be due to a minute deviation from the critical point. Through a conventional calibration with PS standards, M w of roughly 70 000 g/mol is obtained for the PS block which again is in good agreement with the expected value. It has to be mentioned that the present chromatogram does not show any further fractions that could be an indication of homopolymers or coupling products.
On-line coupled two-dimensional (2D) chromatography combines methods that are separating into diverging directions of molecular heterogeneity. In general, one method separates according to chemical composition or functionality while another method is selective towards molar mass. As has been shown in previous applications, the resolving power and peak capacity of 2D chromatography is much higher than the sum of the single dimensions [24] . Therefore, 2D separations of the block copolymer are carried out in the following experiments using LC-CC in the first and SEC in the second dimension. In order to resolve all peculiarities of the sample, experiments at both critical points are conducted.
The contour diagrams of the 2D experiments conducted at critical conditions for PS (A) and PMMA (B) are presented in Fig. 2 . The ordinate represents the separation in the first dimension, while the abscissa indicates the SEC separation of the fractions. The molar mass calibration was carried out using PMMA (A) and PS (B) calibration standards, respectively. The generation of a contour diagram from the individual SEC chromatograms of the fractions is discussed in ref. [1] . The contour plots indicating very high homogeneity with regard to chemical composition and molar mass are in agreement with the results of the one-dimensional analyses where no indications of homopolymers and coupling products have been found. From the contour plots the molar mass of the block copolymer can be calculated. Based on a PMMA calibration the following molar masses are obtained from the contour plot in Fig. 2A : M w = 164 000 g/mol, M n = 150 000 g/mol, and M w /M n = 1.09. From the molar masses of the individual blocks that have been determined by LC-CC, a total molar mass of M w = 183 000 g/mol would be expected for the block copolymer. The deviation can be explained by the fact that for the quantification of the PS-b-PMMA block copolymer a PMMA calibration curve has been used. It is known that due to the different hydrodynamic volumes of PS and PMMA deviations from the true molar masses can be encountered for copolymers. Obviously, a molar mass sensitive detector, e.g. a light scattering detector or an on-line viscometer, would yield better molar mass data.
However, for experimental reasons the coupling of 2D chromatography with these detectors is not possible yet. molar mass, the LC-CC trace clearly shows a second component in addition to the diblock copolymer. From the elution volume and a comparison of the UV and ELSD traces, indicating higher UV activity as compared to the block copolymer, the component with an elution volume of 6.7 mL can be assigned to PS homopolymer. As is known, homopolymers are formed when chain termination takes place before the second monomer is added to the reaction mixture. Since polymerization was started with styrene, PS can be formed as the homopolymer.
Fig. 3. SEC (A) and LC-CC (B) chromatograms of PS-b-PMMA block copolymer 2, critical conditions for PS, detector: ELSD
Due to the fact that the LC-CC separation of the block copolymer and the PS homopolymer is not baseline-resolved, the calculated molar mass distribution of the PMMA block can only be tentative. It amounts to M w = 12 000 g/mol and M n = 9 000 g/mol.
A much better separation is obtained by 2D chromatography where the 1st dimension corresponds to LC-CC conditions for PS, see Fig. 4 . Accordingly, much more precise molar mass calculations can be conducted. The calibration of the molar mass axis is done with narrow disperse polystyrenes.
In addition to the molar masses, the relative amounts of the components can be determined. The data obtained from the 2D experiment are summarized in Tab. of the PS block can be calculated to be roughly M w = 13 000 g/mol and M n = 12 000 g/mol.
As is shown in Fig. 4 , in addition to the diblock copolymer and the PS homopolymer, a third component is present in the sample. The molar mass of this component is higher than the molar mass of PS but lower than the molar mass of the block copolymer. At present, the nature of this polymeric component is unknown. The main elution peak exhibits a shoulder at lower retention volumes indicating a fraction that, with regard to the PMMA block, has a higher molar mass than the main elution peak centered around an elution volume of 5.1 mL. As has been shown previously, from such type of separation the block length of the PMMA block in the PS-b-PMMA block copolymer can be determined by calibrating the system with PMMA calibration standards. The peak maximum molar mass M p for the main elution peak is 54 000 g/mol, which is in agreement with the expected value given in Tab. 3. For the higher molar mass shoulder, a M p of 80 000 g/mol is obtained indicating a fraction having a PMMA block with a molar mass that is significantly larger than the original PMMA block.
As it is known that recombination can take place during the polymerization process, this fraction is tentatively assigned to a coupling product. Unfortunately, due to incomplete separation only the total molar mass distribution of the PMMA block including the coupling product can be determined giving M w = 59 000 g/mol, M n = 47 000 g/mol and a polydispersity of M w /M n = 1.25.
More detailed information on the chemical composition of the block copolymer with regard to the PS block can be obtained by running a similar chromatographic experiment at the critical point for PMMA. Under these conditions the block copolymer is separated with regard to the PS block irrespective of the PMMA block. The chromatogram of this type of separation in Fig. 5C is rather uniform but with a slight tailing. Through a conventional calibration with PS standards a M p value of 58 000 g/mol is obtained for the PS block which again is in good agreement with the expected number. It has to be mentioned that the present chromatogram does not show any higher molar mass shoulders that could be an indication of coupling products.
The contour diagrams of the 2D experiments conducted at critical conditions for PS (A) and PMMA (B) are presented in Fig. 6 . Comparing the 2D plot in Fig. 6A with the LC-CC chromatogram in Fig. 5B it is obvious that resolution is significantly improved. The molar mass calibration was carried out using PMMA (A) and PS (B) calibration standards. The contour plot (A) indicates three fractions which are different in chemical composition and molar mass. The assignment of the fractions is straightforward and based on the LC-CC separation. They correspond to PS, PS-g-PMMA, and the coupling product, respectively.
The contour plot clearly indicates that the molar masses of the three components overlap. Therefore, obviously, an SEC type separation alone (as in Fig. 5A ) cannot resolve the different components of the block copolymer. The relative concentrations of the components are obtained from the intensities of the contour plot peaks. For sample 3, PS-g-PMMA has the highest concentration, while the concentration of the coupling product is lower, see Fig. 6A . The contour plot taken at critical conditions for PMMA in Fig. 6B shows that the sample does not contain residues of PMMA homopolymer. Comparing the total molar mass of the block copolymer taken from 2D chromatography (M w = 95 900 g/mol) with the sum of the PS and PMMA blocks taken from LC-CC (M w = 58 000 g/mol + 54 000 g/mol = 112 000 g/mol), the 2D-LC value is gradually too low. As has been explained already, this is due to the calibration of the 2D system with PMMA.
A summary of the compositions and the molar masses of the sample components is given in Tab. 2. In order to show that SEC is completely inadequate for the evaluation of the molecular homogeneity of a block copolymer, the SEC and 2D chromatography plots for two more PS-b-PMMA block copolymers are presented in Fig. 7 . While SEC again indicates narrow molar mass distribution, the 2D-LC plots clearly show that the samples are very heterogeneous with regard to chemical composition. These samples are far from being pure diblock copolymers.
For a comparison to samples prepared by anionic polymerization, the following section describes the analysis of block copolymers that have been synthesized by RAFT in the laboratory of E. Rizzardo. In this case the polymerization has been started with methyl methacrylate and, accordingly, PMMA-b-PS diblock copolymers were obtained. Fractions of the reaction mixtures were terminated after the first polymerization step and the corresponding PMMA block precursors were isolated. Two different molar masses of the PMMA block have been prepared, namely 20 000 (6a) and 38 000 g/mol (7a). Fig. 9. SEC (A,D) , and LC-CC chromatograms of diblock copolymers 6 (A,B,C) and 7 (D,E,F); critical conditions for PS (B,E), critical conditions for PMMA (C,F); detector: ELSD Similar to the PMMA precursors, the PMMA-b-PS copolymers appear to be very uniform with regard to both molar mass and chemical composition. The SEC and LC-CC elution curves exhibit only one uniform peak. There are no indications of the presence of homopolymers or coupling products. To verify these results, 2D experiments were carried out using both PS and PMMA critical conditions in the first dimension. The resulting contur plots for these experiments are presented in Fig. 10 . Finally, the chromatographic behaviour of the block copolymers and the corresponding PMMA block precursors under LC-CC conditions shall be compared. According to the theory, at critical conditions for polystyrene the PS block of the diblock copolymers shall not contribute to retention. Therefore, the elution behaviour of the precursors and the block copolymers are expected to be identical. The elution curves of the PMMA-b-PS block copolymers and the corresponding PMMA block precursors at LC-CC conditions for polystyrene are presented in Fig. 11 . As can be seen, they are very similar with regard to peak position and peak shape. This is a further proof for the "invisibility concept" of LC-CC.
The molar masses of the PS blocks are determined using LC-CC conditions corresponding to the critical point of PMMA. These measurements yield M p (PS) = 9 000 g/mol and M p (PS) = 21 500 g/mol for samples 6 and 7, respectively. From the PMMA-block and PS-block molar masses, the total molar masses of the block copolymers can be calculated to be roughly 21 000 g/mol and 60 900 g/mol for samples 6 and 7, being in good agreement with the producers data. 
Experimental part

Chromatographic system
A modular chromatographic system comprising two chromatographs connected via one eight-port injection valve and two storage loops was used. The chromatograph for the first separation step (chromatograph 1) comprised a Rheodyne six-port injection valve with a 100 µL injection loop and a ISCO syringe pump Model 100D. One electrically driven eight-port injection valve (Valco EHC8W) was used to connect the two chromatographs. In addition, they were connected to two storage loops of a volume of 100 µL each. The chromatograph for the second separation step (chromatograph 2) comprised a Waters model 510 pump. The operation of the coupled injection valves was controlled by the software, which was used for data collection and processing. In the present case the software package "PSS-2D-GPC-Software" of Polymer Standards Service, Mainz, Germany, was used. Molar mass calibration is based on polystyrene and poly(methyl methacrylate). 
